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DEFINITION OF SYMBOLS 


Symbols are listed in subscripted form (rather than a separate list of 
subscripts) in order to assure indication of correct meaning. 


Symbol 

& 

EMOS 


Meaning 

Eccentric anomaly 

Earth's mean orbital speed (29. 8 km/sec) 


n 


Integral number of Earth years during mission 
(e. g. , for a 5. 67-year mission n = 5) 


ft 


R 


Duration of one Earth year 
Radius ( in km) 


R 


ar 


R 


Radius from target planet center at which apsidal 
rotation maneuver occurs 

Perihelion radius from sun ( i A, U. , 149. 6 x 10 6 km) 


R 

R 

R 

R t 

V 

V 


pmin 


po 


pt 


ar 


Minimum allowed periapsis radius at target planet 
Radius of parking orbit around Earth 
Periapsis radius at target planet 
Radius of target planet's orbit from sun 
Velocity in km/sec 


Planetocentyic velocity at which apsidal rotation 
maneuver occurs 


aft 


Aerodynamic entry velocity at Earth return 

Planetocentric velocity for "just captured" at target 
planet ( parabolic speed) 


v 


DEFINITION OF SYMBOLS (Continued) 


Symbol 









V 

z 



V 

0T 

AV 


AV 


ar 


AV 


AV 


cc 


AV * 

n 


Meaning 

Planetocentric velocity for circular capture at R , 
at target planet p 

Planetocentric approach velocity 

Hyperbolic excess velocity at Earth departure. 

Heliocentric perihelion velocity for transfer 

Perihelion velocity for Hohmann transfer to target 

Velocity in Earth parking orbit 

Planetocentric periapsis velocity at target planet 

Target planet mean orbital speed 

Components of velocity used in transferring from 
heliocentric to planetocentric coordinates 

Velocity at Earth parking orbit radius to produce 
V 

HP* 

Heliocentric approach velocity at target 

Propulsive velocity change ( assumed impulsive) 

AV required for apsidal rotation 

AV for marginal capture at target planet 

AV for circular capture at target planet 

AV for Earth departure 

Half of angle between asymptotes of approach 
hyperbola at target 

' vi 



DEFINITION OF SYMBOLS (Concluded) 


Symbol 


H 


0 


0 






K 
0 


ar 


t 


Meaning 

Orbit eccentricity for transfer 

Eccentricity for Hohmann transfer from Earth to 
target planet 

Eccentricity of approach hyperbola at target planet 

Heliocentric angle of transfer from Earth to target 
planet 

Planetocentric approach angle defined by equations 
(19) & (20) 

Solar gravitational constant, km 8 /sec 2 

Earth’s gravitational constant 

Target planet gravitational constant 

Duration of transfer 

Duration of Hohmann transfer 

Heliocentric approach angle 

Planetocentric approach angle 

Planetocentric path angle at point of apsidal rotation 
maneuver 

Required angle of apsidal rotation 


SYMMETRIC ROUND TRIP FLYBYS TO OUTER PLANET 


SUMMARY 


An exploratory analysis was performed to determine the feasibility of 
outer planet, round-trip mission profiles which might have manned flight appli- 
cations. Simplifying assumptions used minimized the analytical effort, but the 
main conclusions are still considered valid. A round-trip flyby of Jupiter of 
approximately 1000 days duration was found which appears to be within the 
capabilities of technology generally assumed for a manned Mai's stopover mis- 
sion. Missions beyond Jupiter were found to be either of very long duration or 
very demanding in terms of propulsion requirements. Multiplanet flybys were 
not examined, but it is suggested that, at least in the case of a Jupiter-Saturn- 
and-return flyby, energy requirements might be less than for the Saturn-only 
case. 


PURPOSE 


This report communicates results of an exploratory investigation into 
outer planet missions. The purpose of the investigation was to arrive at initial 
estimates of the level of technology that might be required for manned missions 
to the outer planets and to select certain mission profiles for more precise 
analysis. 


BACKGROUND 


The powerful gravitational field of Jupiter has long been recognized as a 
potentially effective means of trajectory shaping for space missions. Stewart [1] 
has discussed a variety of possible space probe missions based on Jupiter fly- 
bys, and others have been studied at MSFC [2]. The specific concept of using 
Jupiter flyby to facilitate Earth return is not mentioned in either of these refer- 
ences, although the analytical methods used are applicable [3], For an un- 
manned mission there is probably no motivation to attempt an Earth-return mis- 
sion. However, a "free” (i.e. nonpropuls ive) Earth return might make a 
Jupiter flyby a feasible manned mission if the duration were not too great. 


The analysis herein reported was undertaken to assess the flight me- 
chanics feasibility of a manned Jupiter flyby. Simplifying assumptions, as 
noted in the following section, were used to facilitate a straightforward analysis. 
For completeness, mission profiles to the other outer planets were determined, 
although attractive manned mission possibilities were not expected. 


ANALYSIS 


The concept of the symmetric outer planet flyby shown in Figure 1 
illustrates the case for Jupiter. The gravitational field of the planet deflects 


u 



FIGURE i. SYMMETRIC JUPITER FLYBY CONCEPT 

the trajectory of the spacecraft so that it returns to Earth. If the gravitational 
deflection is insufficient, propulsion may be employed to assist and effect Earth 
return. The following simplifying assumptions minimized the analytical effort 
required: 
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1. Planetary orbits are circular and coplanar. 

2. Departures from and arrivals at Earth are tangential to Earth’s 
orbit. 

3. The analytical method consisted of ’’patched conics” (which assumes 
that planetary and solar gravitational fields may be considered 
independently) . 

4. Outbound paths are symmetrical with inbound paths. 

These trajectories are classified type I; therefore, we may be sure that 
all possible transfers will be of shorter duration than the Hohmann transfer. 

The minimum duration trip is one for which the Earth simply travels from point 
A to point B during the mission (less than one year) . Other missions will be 
found where the Earth makes one or more complete revolutions during the mis- 
sion. A round trip mission requires that Earth be at point A on departure from 
Earth and at point B on return to Earth. Approximate hand calculations made 
for the Jupiter case illustrate the nature of the solutions ( Fig. 2) , which occur 
where the ’’spacecraft” and ’’Earth” curves intersect. 

The following analysis gives the equations and sequence of solution with- 
out derivations. The first step is to establish the duration of the Hohmann trans- 
fer which will set an upper limit to the durations of possible missions of this 
type: 



As the flyby missions go to longer durations, approaching Hohmann 
conditions, the angle 0 approaches n, and if n is the integral number of complete 
revolutions made by the Earth during the missions, the total duration approaches: 

2t « ( n + i) P (3) 
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Therefore, if we select a value, n, such that 

(n + 1) P A > 2t__ > nP^ 

0 H 0 


and we desire that 2(n tt + 0)P A < 2r TT (thus setting the longest mission at 

max Ol-I 

a shorter duration than 2T-J , and noting 9 & ?r, we find it to be very likely true 

H 

that n = n - 2. 
max 

Further, it may be noted that, since the Hohmann mission is minimum 
energy, the perihelion velocities for all the flyby missions will be higher than 
for the Hohmann mission: 



^0 ^ e H + ^ 


B 


P 


(4) 


Then, always, V 


P 



(5) 


An iterative solution is required to find for any value of n. It is convenient 

Jr 

to begin with V_ = V_ + i where velocities are in km/sec. 

Jr JrJri 


Eccentricity of the transfer is computed by: 
R V 2 




(6) 


0 


Heliocentric angle traversed during transfer to the target planet’s orbit 
is given by: 


R 2 Vl/lt. R. - i 
„ P P 0 t 
cos 9 


(7) 


The computer performs an inverse tangent routine to derive inverse functions. 
Therefore, we set: 


tan 9 - 


VI 


cos 9 


cos 9 


(8) 


As tan 0 ranges from - « to °° , the value of 0 determined by the computer will 
range from -7r/2 to 7r/2. Therefore, a test routine is used such that if cos 0 is 
negative, values of 0 between 7r/2 and n are generated. 

Another test is use! prior to calculating transfer time to determine 
whether the transfer is elliptic or hyperbolic. If e < i, the transfer is elliptic, 
and we find a parameter, &, from 


cos & - 


1 

e 


R 

P 



(9) 


& is found from cos & by the inverse tangent routine. Transfer time is then 
found from 


T 




3/2 


(S - e sin S) 


( 10 ) 


If e > 1 the transfer is hyperbolic and & is found from 


i R t 
cosh <§=- + £- 

p 


e - 1 


and 



U sinh S - S) 


(ID 


We then set r = P (n + — ) and itei-ate on to get t = r . The iteration scheme 
attempts to use a Newton-Raphson method; if this fails by setting V_. < as 

Jr Jr.n 

is rather likely for near~Hohmann conditions, a decreasing-increment search is 
used. The iteration is converged when 


It - r | 100 000 sec (slightly more than 1 day) . 


The remainder of the calculations may now be done directly. 


For heliocentric approach angle at the target: 


0 = tan 


-l 


VV 

R 2 V* 
P P 


sin 0 


For heliocentric approach velocity, 


V 


0T 



( 12 ) 


(13) 


The swingby itself must be analyzed in planetocentric coordinates. The 
velocity of the planet about the sun will be comparable to the velocity of the 
spacecraft and cannot be ignored. The velocity diagram below, drawn in helio- 
centric coordinates, defines the relevant terms. is the planet's velocity 

around the sun. V and V are components of V nm . Note that V + V = V_. 

x z 0T x y T 

Vjjp is the asymptotic planetocentric approach velocity. The case shown is a 
retrograde swingby. 



ORBIT PATH 



The computer routine is as follows: 


V x = V 0T C0S 0 


(14) 


V z = V 0T Sin * 


(15) 


V = I V - V 
y T x 


<p' = tan" 1 (V /V ) 
y z 


(17) 


v - (v 2 + v 2 ) i/2 

HP y z 


V r < V , retrograde swingby; £ = ir - 

XX 


If V > V_, direct swingby; £ = ir + (f> t 

X X 


The departure vector diagram is similar in nature to the approach 
diagram, and the approach and departure are symmetric around the Earth-sun 
line in both heliocentric and planetocentric coordinates. Thus, 

ar *l the required periapsis radius for this amount cf 

gravity turning is: 


R = (esc cb ' 
pt 


»yr- 

HP 


A minimum allowable value of R , , R . , is established by the extent of the 

pt pmin J 

planet’s atmosphere. If the above-calculated R , is less than R . , a free- 

pt pmin 

return swingby is not possible and propulsion must be used. There are four 
parameters of interest: 

1. Propulsive AV for capture into a very loose orbit. 


2. Propulsive AV for capture into a circular orbit. 
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3. Amount of apsidal rotation required for a swingby to Earth return. 

4. Propulsive AV for this apsidal rotation. 

If R < R . , we set R = R . . 
pt pmm pt pmin 

Periapsis velocity is found from 


V 


PT 


2u /R + V 2 
pt HP 


i/2 


Velocity "just captured” at periapsis is 


( 22 ) 


'2 ix 


1/2 


V = 


c V R 


pt 


and velocity for circular capture is 


i/2 


V 


cc \ R 


pt 


Then the propulsive AV’s are 


AV = V - V 
c PT c 


and 


AV - V™ - V 
cc PT cc 


(23) 


(24) 


(25) 


( 26 ) 


Apsidal rotation is sketched below (symmetry is assumed) 
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%\ 

r' c \ 

£ ^ 

& 


(3 is found from 


cos (3 = 


R , V* + ii. 
pt HP r t 


(27) 


^ r = 2 (0-0») . 


(28) 


The plane to centric path angle, 0 , must be turned downward at the 

ar 

point where the approach and departure hyperbolas intersect. Symmetry deter- 
mines that - $ ar * Parameters of the approach hyperbola are needed. 
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- i , 


R pt V PT 
€ t Hm 


(29) 




V 


1 — 
PT 



(j) - tan 1-1 

ar 


l 1 *.' R € 4. 

t ar t 

"r2“ v ;<j 
pt PT 



J 


V 

ar 



AV = 2V sin c6 
ar ar ar 


(30) 


(31) 


(32) 

(33) 


If the required amount of apsidal rotation is large, aspidal rotation by capture 
and later ejection from a circular orbit may require less AV than that calculated 
by equation ( 33), 


All that remains is to compute launch conditions from Earth: 


v hp* = v p- emos ■ 

( 3fc) 

V PO - ( V\o > 1/2 ’ 

(35) 

1/2 


\ =[v hp* + 2 ^/V ■ 

(36) 

AV . = V 6 - V P0 • 

(37) 


Note that (by symmetry) . 

The overall flow diagram for the computation is shown on the following sheet. 
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RESULTS 


The computer program was exercised for missions to all of the outer 
planets, beginning with Jupiter. Hand calculations for one of. the Jupiter cases 
(n « 1; 600-day mission) were used to check program operation. Missions for 
n > 18 were not analyzed because such long durations were viewed as impractical. 
Therefore, all possible missions of this symmetric variety were found tor 
Jupiter (4 cases) and Saturn (11 cases) , but not for the more distant planets. 

Results are summarized in Table I through VI. Free-return missions 
were found for Jupiter, Saturn, and Uranus. It is presumably true that free- 
return missions to Nepture and Pluto would have been found if sufficiently long 
durations had been investigated. 

The principal mission of interest for future investigation is the 1000-day 
flyby of Jupiter. Missions to the other planets are either too long in duration or 
too demanding in terms of propulsion requirements. The 1000-day Jupiter mis- 
sion has an impulsive AV requirement for launch from Earth orbit of 7. 89 km/ 
sec. A reasonable allowance for gravity losses during the escape maneuver 
would increase this to roughly 8. 5 km/sec. This requirement is within the 
capability of a solid-core (NERVA) nuclear rocket. Entry velocity upon return 
to Earth is slightly over 15 km/sec, a figure ordinarily viewed as practical for 
manned Mars missions. This mission could be converted to a loose capture 
stopover with the expenditure of roughly an additional 4. 5 km/sec. 

4 

This mission profile is somewhat more difficult than a Mars 
•landing mission in that it is longer (1016 days vs. 450-550 days) and 
it is exposed to the asteroid belt environment and Jupiter radiation 
belts environment, both of which are largely unknown. However, the 
Jupiter flyby incorporates only one major propulsion maneuver. 

More energetic propulsion than NERVA-class would allow missions of 
reasonable duration to the more distant planets. What form this more energetic 
propulsion might take is not clear at present. Nonetheless, assuming it to be of 
some high-thrust form such that the impulsive-maneuver calculations employed 
herein are relevant, mission AV requirements as a function of target planet 
distance can be plotted on the basis of an assumed mission duration of roughly 
five years ( Fig. 3) . The rapid escalation of propulsion requirement with greater 
distance is striking. For Uranus, Neptune, and Pluto, less propulsion is re- 
quired to capture into a circular orbit and re-eject than to perform an apsidal 
rotation maneuver. 
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RECOMMENDED ADDITIONAL STUDY 


The 1000-day Jupiter flyby merits further study. The first step should 
be more precise flight mechanics analysis* using actual planetary orbits, to 
check effects of launch window requirements and to insure that, under more 
precise analysis, the periapsis altitude required at Jupiter will remain safely 
above the atmosphere. 

The reason: that rapid missions to more distant planets are not free- 
returns is, at least partly, that the required gravity path deflection at the target 
approximates 180° . A multiplanet mission could possibly be contrived to reduce 
propulsion requirements as compared to a single-planet flyby. Figure 4 shows 
a postulated Jupiter -Saturn flyby. This mission was not analyzed, but the re- 
quired turning angles appear possible with a low-periapsis (70 000 km) flyby 
of Saturn, flying between the rings and the planet surface. A two-dimensional 
analysis is recommended as a first step in checking the feasibility of this mis- 
sion. It appears possible that the Jupiter swingby would reduce the propulsion 
requirements for a five-year Saturn round trip mission from about 26 km/sec 
to about 12 km/sec. 



FIGURE 4. HYPOTHETICAL FIVE-YEAR JUPITER-SATURN FLYBY 
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TABLE I. INPUT DATA 


Solar Gravitational Constant = 
Earth Gravitational Constant = 
Radius to Earth Orbit = 

Earth Mean Orbital Speed = 

Radius to Earth Parking Orbit - 
Altitude of Earth Parking Orbit = 


1. 32511E ii 
3. 98603E 05 
1. 49600E 08 
29. 80 
6663. 00 
285.00 


km 3 /sec 2 

km 3 /sec 2 

km 

km/sec 

km 

km 



Jupiter 

Saturn 

Uranus 

Neptune 

Gravitational Const, km 3 /sec 2 

1„ 264 E8 

3.786 E7 

5.812 E6 

6.796 E6 

Radius to Orbit, km 

7. 79 E8 

1. 428 E9 

2. 865 E9 

4. 49 E9 

Allowed Minimum Periapsis 
Radius for Elyby, km 

80 000 

70 000 

30 000 

30 000 

Hohmann Transfer: 





Ellipse Eccentricity 

0. 6778 

0. 8103 

0. 9007 

0. 9355 

One-Way Duration (Days) 

999 

2213 

5845 

11 161 

Perihelion Yelo city , km/ sec 

38. 55 

40.04 

41.03 

41.41 


Pluto 
3. 786 E5 
5. 90 E9 
40 000 

0. 9505 

i a a 4 n 

-tvr vi « 

41. 57 


NOTE: In following Tables, velocities are in km/sec, duration in days, angles in radians 



TABLE H. RESULTS EOR SYMMETRIC FLYBY MISSIONS - JUPITER 


Number of Earth 
Revolutions 

Mission 

Duration 

Heliocentric 
Velocity at 
Perigee 

Hyperbolic 
Excess Velocity 
at Earth 

Impulsive 

AV 

Aerodynamic 
Entry Speed 
at Earth 

Eccentricity 
of Transfer 
Path 

One-Way 

Transfer 

Angle 

1 

5 VI ,4965 

46. <5859 

16.7059 

12,3007 

2U .0353 

1.4P01 

1,9446 

2 

1U16.0310 

40 .2405 

10.4405 

7 , .5866 

15.1212 

.0281 

2.4713 

3 

1423.3216 

38.8805 

9.0605 

6,4817 

14.2162 

, 7066 

2.0283 

4 

1O1V.G016 

38.5715 

8. 7715 

6,2863 

1 4 , U 2 1/ 9 

.6796 

3.U615 




Hyperbolic 
Excess Velocity 
at Target 

Heliocentric 
Approach 
Angle at 
Target 

Planeto centric 
Approach Angle 
at Target 

Periapsis 
Altitude 
at Target 

AV for 
Capture 
at Target 

AV for 

Circular Cap- 
ture at Target 

Amount of 
Apsidal 
Rotation for 
Flyby 

AV for 

Apsidal Rota- 
tion for 
Flyby 

1 ?, 5999b 01 

1 . 2354b 00 

2.9819E 00 

'2.4091E 03 

5.72136 00 

2,2l86fc 01 

1, 2704b ou 

4.3225b 01 

; 1, 45 0 6b 01 

1 . 1435b 50 

2.&064E 00 

9 * 7e58E 04 

2.0274b 00 

1,6929b U1 

0 

0 

' 1,21196 01 

1 ,1086b 10 

2.2944E 00 

4.3926E 05 

2.88746 00 

9, 9139b 00 

0 

0 

1.1758b 01 

1 , 09V3b 00 

2.1763E 00 

6 1 V206E 05 

3.3274b 00 

, 

8.9253b 00 

0 

0 


TABLE HI. RESULTS FOR SYMMETRIC FLYBY MISSIONS 


SATURN 


dumber of Earth 
Revolutions 

Mission 

Duration 

Heliocentric 
Velocity at 
Perigee 

Hyperbolic 
Excess Velocity 
at Earth 

Impulsive 

AV 

Aerodynamic 
Entry Speed 
at Earth 

Eccentricity 
of Transfer 
Path 

One-Way 

Transfer 

Angle 

1 

559.1649 

69.6772 

39.8772 

33, 61-. 

41 .35U2 

▼ 

4. 4810 

1 • 6660 

2 

1005.5356 

49.9443 

20.1443 

15.18 7 v 

22.9225 

1 .6161 

1.9728 

3 

1352.0258 

44.9/88 

15.1788 

1 U , 9 7 4 8 

Id. / 0 9 4 

1.284U 

• 2.2049 

4 

1/43.7828 

42.5020 

12.7 028 

9,0282 

16 . /6c 7 

1.0394 

2.42bd 

5 

2129.2041 

41,3228 

11.5228 

8.1532 

15.8878 

.92/8 

2.6064 

6 

2510. 6799 

40.7102 

10.910? 

/ . 7147 

15.4493 

.0/11 

2.7466 

7 

2090 . /859 

40.3773 

10.5773 

7,4814 

15.21&0 

. 64UO 

2.8588 

8 

3264.3243 

40.1976 

10.3976 

7.3570 

15.0916 

.6242 

2.9484 

9 

3638.4173 

40.1022 

10.3022 

7,2915 

15 . V26Q 

.6156 

3.0224 

10 

4011.6850 

40.0577 

10.2577 

/ .2610 

14.9956 

. olio 

3.0041 

11 

4383.3051 

40 . 0444 

10.2444 

7.2519 . 

14.9805 

.6104 

3.1362 


Hyperbolic 
Excess Velocity 
at Target 

Heliocentric 
Approach 
Angle at 
Target 

Planeto centric 
Approach Angle 
at Target 

Pe flaps is 
Altitude 
at Target 

AV for 
Capture 
at Target 

AV for 

Circular Cap- 
ture ’at Target 

Amount of 
Apsidal 
Rotation for 
Flyby 

AV for 

Apsidal Rota- 
tion for 
Flj*by 

5,67568 01 

1 . 4 4 2 b e oo 

2.1002E 00 

1.00926 01 

3.2/U/t 01 

4.2340C 01 

2,7 /02C 00 

1 * l2/3b 02 

3.0132E 01 

1.4U9UC 00 

2.9818E 00 

5.3339E 02 

1.1/lbb 01 

2.1349b U 1 

2.0568b 00 

5.5636b ui 

2.1354E 01 

1.3657k 00 

2.8664E 00 

3.2463k 03 

6. 3245k 00 

1.5950fc ol 

1.4442b 00 

3.36u 6 b 01 

1.5989k 01 

1.3672c 00 

2 . 7126c 00 

1,47406 04 

3 , 6du5fc 00 

1.3314b 01 

7 , 9ll 7b- 0 1 

1.6786t 01 

1,3011c 01 

1.3555b 00 

2.5465E 00 

4 6 4 3 5 fc 04 

2.4800E 00 

1.2113b 01 

2.1970b-01 

4.4023c 00 

1 ,l33bt 01 

1.3485b 00 

2.3345E 00 

1, 1071b 05 

2.3518k 0U 

1,0012c 01 

0 

0 

1.0422E 01 

1.3443c 00 

2.2431E 00 

2.11Q7E 05 

2,6/82fc 00 

8. 2258k UQ 

0 

0 

9,9539b 00 

1 . 3 4 2 0 1 00 

2.1353E 00 

3.3214E 05 

2.9858k 00 

7.4082k 00 

0 

0 

9 , 7263b 00 

1. 3407c 00 

2.0624E 00 

4 „ 4756E 05 

3.2344k 00 

7,0440b O0 

0 

0 

9,6293b 00 

1.3401c 00 

2.0229E 00 

5.2633E 05 

3, 3871k 00 

o.youit O0 

0 

0 

9.6019E 00 

1,3399k 00 

2.U102E 00 

5.5461E 05 

1 

3.4391k 00 

6,8614k 00 

0 

0 


TABLE IV. 


RESULTS FOR SYMMETRIC FLYBY MISSIONS - URANUS 
(Sheet 1 of 2) 



• 

Helfocentric 

Hyperbolic 


Aerodynamic 

Eccentricity 

One-Way 

dumber of Earth 

Mission 

Velocity at 

Excess Velocity 

Impulsive 

Entry Speed 

of Transfer 

Transfer 

Revolutions 

Duration 

Perigee 

at Earth 

AV 

at Earth 

Zfath 

Angle 

- - ■ • i 

1 

548.3367 

126.9330 

97.1330 

VU .0124 

9/ . 7469 

17.1898 

* 

1.5737 

2 

*24 .1305 

61.6289 

51,8289 

45.2360 

52.9/05 

6.5226 

1.6640 

3 

1302.6084 

64 . 1645 

34.3645 

28.3283 

36. 0633 

3.6460 

1.7799 

» 

4 

1682.9347 

55.5566 

25.7566 

20.2485 

,2/ .98-31 

2.4846 

1.9063 

5 

2U6U .1776 

50 . 7710 

20.9710 

15,917/ 

23.6523 

1.9101 

2. 030d 

6 

2440.6904 

47.3261 

13.0261 

13,3507 

21.0852 

1.5823 

2.1493 

,“i 

/ 

2819.0230 

45.9320 

16.1320 

11,7561 

1 U -9 

1 *■ 1 - *• w f 

1.3318 

2.25/1 

8 

3194. 7017 

4 4 , 6^5 6 5 

14.8565 

1U, 7144 

18.4489 

1.2514 

2.3535 

9 

3570.6606 

43.7597 

13.9597 

10 , 0002 

17. /347 

1.1619 

2.4396 

10 

3945.0649 

43 .1146 

13 . 3146 

9,4970 

17.2315 

1 ,0986 

2.5158 

11 

4318,5700 

42.6390 

12.8390 

9,1321 

16.8667 

1.0525 

2.5835 

12 

4692.0257 

42.2310 

12.4810 

8,8613 

16.5958 

1 .0182 

2.6437 

13 

5061.6607 

42.0100 

12.2100 

8,6584 

16 .3930 

.9924 

2.69/0 

14 

5433.0486 

41.7991 

11.9991 

8,5020 

16.2365 

.9725 

2.7450 

15 

5603.2540 

41.6347 

11.8347 

8.3809 

16*1154 

.9570 

2. 7881 

16 

6172.9738 

41.5053 

11.7053 

8,2661 

16.0206 

.9449 

2.8269 

17 

6542.2716 

41.4027 

11.6027 

8,2113 

15.V459 

.9353 

2.8620 , 

18 

6911.2015 

41.3211 

11.5211 

8.1520 

15.8Q66 

.9276 

2.8940 

• 


TABLE IV. BESULTS FOB SYMMETBIC FLYBY MISSIONS - UBANUS 
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Heliocentric 









Amount of 

1 AV for 

6 

Hyperbolic 

Approach 

Planetocentric 

Periapsis 

AV for 


AV for 


Apsidal 

Apsidal Rota- 

Excess Velocity 

Angle at 


Approach Angle 

Altitude 

Capture 

Circular Cap- 

Rotation for 

tion for 


at Target 


Target 


at Target 

at Target 

at Target 

ture at Target 

Flyby 

Flyby 


1,1995c 

0 2 

1.5156b 

00 

3 • 1 4 0 2 E 

00 

4.1530E-U4 

1 . 0187b 

02 

l.U/04b 

02 

3,ll22c 0U 

2 • 399Ub 

02 

7 , G5l Bb 

01 

1.5106c 

0 0 

3 . 1553E 

00 

7:6855b' 

-01 

5.3529b 

01 

5.9295b 

01 

2 . 9 9 4 1 r 00 

1.40 75b 

02 

4, 9393b 

01 

1 .5044b 

on 

2 . U702E 

00 

o.0801b 

00 

3. 3487c 

01 

3.9252b 

01 

2.8516c 00 

9.8016b 

01 

3 • 7636b 

m 

1.4977b 

on 

3.03356 

00 

2.4U83E 

01 

2.2789b 

OX 

2 s 8554b 

01 

2.6842b UU 

7. 3849b 

U1 

3,02nvt 

01 

1 , 4914c 

00 

2.99476 

00 

6.93726 

0.1 

1.6372b 

01 

2.2137b 

01 

2.495/h 0U 

5.8193b 

01 

2,50?lc 

01 

1 .4656b 

00 

2 .*5246 

00 

1 .6867b 

02 

1.2152b 

01 

1 . /917b 

01 

2.28608 00 

4.6660e 

01 

2,1252b 

01 

1 .4610c 

00 

2 .9Q70E 

00 

3.6235b 

02 

9 . 2oo3b 

00 

1,5049c 

01 

2,062/b U0 

3 .8231b 

01 

1.8407b 

01 

1.4771c 

00 

2 . 8586E 

00 

7:10446 

02 

7,2657b 

00 

1,3031c 

01 

1.83108 00 

3M336c 

01 

1,8184b 

01 

1 •, 4 7 3 9 c 

00 

2.6U70E 

00 

1.3029E 

03 

5,7989b 

OU 

1.. 1564b 

01 

1.5941b UU 

2.5580b 

01 

1.4421b 

01 

1.4714 C 

on 

2 . 7526E 

00 

2.2560E 

03 

4 ,7l/5b 

00 

1 . U483b 

01 

1.3572c 00 

2.0667e 

01 

1, 3002fc 

01 

1,4693c 

00 

2 . 6S58E 

OQ 

3 . 7234E 

03 

3.9962b 

00 

9,6716b 

00 

1,1234b 00 

1.6381b 

01 

1.1644b 

01 

1.4&/7c 

00 

2.63696 

00 

5.8999E 

03 

3 , 2 6 8 b b 

ou 

9,u542fc 

00 

8,94628-01 

1.2581b 

01 

1 , a9n5b 

01 

1 . 4663b 

00 

2.57716 

00 

8 . 977o E 

03 

2.8186b 

0 0 

8.5840b 

00 

6, 75fi8b-01 

9. 2127b 

00 

1,0126b 

01 

1.4653b 

00 

2.5159E 

00 

1.3247E 

04 

2.4520b 

00 

8 , 21 /4b 

00 

4,64 ? 8c-Ql 

6.1649b 

00 

, 9, 4670b 

0 0 

1.4644b 

00 

2 . 4 5 4 6 E 

00 

1.89476 

04 

2, 1669b 

ou 

/ ,9323b 

00 

2 . 64 4 4b- 01 

3.4238b 

00 

8,9606b 

ou 

1.4637b 

on 

2.3937E 

0 0 

2163496 

04 

1.9436c 

00 

7 , /0&9b 

UO 

7,5376c-02 

9.5479b- 

01 

8,5283b 

00 

1.4632b 

00 

2 . 3339E 

0 0 

3. 5701b 

04 

1.91396 

00 

7,1989b 

00 

0 


0 

* 8,1745b 

t 

00 

, „ i 

1.46276 

00 

2.2759E 

00 

4.7219E 

04 

2.0V186 

00 

6.5972b 

UO 

0 


0 



TABLE V. RESULTS FOR SYMMETRIC FLYBY MISSIONS - NEPTUNE 

(Sheet 1 of 2) 




Number of Earth 
Revolutions 

Mission 

Duration 

Heliocentric 
Velocity at 
Perigee 

' 

Hyperbolic 
Excess Velocity 
at Earth 

Impulsive 

AV 

Aerodynamic 
Entry Speed 
at Earth 

Eccentricity 
of Transfer 
Path 

One-Way 

Transfer 

Angle 

'* 1 

346.6b47 

194.0780 

164.2760 

156.9072 

164.6417 

41.523b 

1.3606 

2 . 

93 o . o543 

120.2211 

90.4211 

63 . 3457 

91.0803 

15 .3170 

1.6006 

3 

1289 . 9690 

89.8611 

60.0611 

53 . 3145 

61.0490 

8.1164 

1 . 0567 

4 

1661.S4.il 

74.1697 

44.3697 

37.9636 

45.69bl 

5.2106 

1, 7236 

5 

2033.4505 

64.8437 

35.0437 

28,9/66 

36. 7112 

3 . 7470 

1.79/4 

6 

2406.7361 

58 .8026 

, 29.0026 

23.2622 

30 .9907 

- 2.9037 

1.8731 

7 

2783.4771 

54.7151 

24.9151 

19.4759 

2/. 2105 

2.3796 

1.9329 

8 

3157.7517 

51.8300 

22.0300 

16.6616 

24.5961 

2 . 032 8 

2.0289 

9 ; 

3531.5475 

49.7258 

19.9258 

14.9961 

22. 73U7 

1.7915 

2.1016 

10 ; 

3903,^434 

48.1548 

18.3546 

13.6324 

21.3669 

1 .6179 

2.1702 

11 

4277.3340 

46.9446 

17.1446 

12.6Q22 

20.3368 

1 .4880 

2.2349 

t 

12 : 

4649.7919 

46.0034 

16.2034 

11.8153 

19.54V9 

1 .3892 

2.2930 

13 ; 

5U2G . 8271 

45.2595 

15.4595 

11.2033 

18.9379 

1.3126 

2.350& 

14 

5392.6255 

44.6596 

14.6596 

10. 7166 

18.4514 

1.2517 

2.4024 

15 ; 

5763.6772 

44.1729 

14.3729 

10.3272 

Id .0617 

1.2029 

2.4501 

16 5 

6134.1612 

43.7730 

13.9730 

10 .0106 

17.7452 

1.1632 

2.4944 

17 

6504.3358 

43.4412 

13.6412 . ! 

9.7506 

17.4851 

1.1305 

2.5353 

18 

i j 

6874.2776 

43.1637 

13 *3637 

9.3350 

17.2695 

1.1034 

2.5732 


i 


l>0 

ISO 


TABLE V. RESULTS FOR SYMMETRIC FLYBY MISSIONS - NEPTUNE 

(Sheet 2 of 2) 


Hyperbolic 
Excess Velocity 
at Target 

. .. . 

Heliocentric 
Approach 
Angle at 
Target 

Planetocentric 
Approach Angle 
at Target 

Peri apsis 
Altitude 
at Target 

AV for 
Capture 
at Target 

AV for 

Circular Cap- 
ture at Target 

Amount of 
Apsidal 
Rotation for 
Flyby 

AV for 

Apsidal ifota- 
tion for 
Flyby 

• 1.8951b 02 

1.5367b 00 

3.l47oE 00 

! 2. /756E-03 

1.6941b 02 

1.7565b 02 

3,llE2t UU 

3 . 7900b 02 

if 12 Alt 0 2 

1.5353b 00 

2 • l<i 89E 00 

4 . 3 26 7 b - 0 2 

9. 351 7b 01 

9.9752b 01 

3.0812b 00 

2.2556t 02 

7,9747b 01 

1.5334b 00 

3.1108E 00 

5.Q748E-Q1 

6.1254b 01 

6,7488b 01 

3.0112b 00 

1.5925b *02 

6 , 1 5 7 6 b 01 

1 . 53llc 00 

3.0929E 00 

2.1273E 00 

4. 3866b 01 

5,0101b 01 

2.9314b 0o 

1.2267b 02 

4,9989b 01 

1.5266b 00 

3.0748E 00 

6.0709E 00 

3 , 3 u 4 7 b 01 

3,9281b 01 

2.841/b 00 

9.9199b 01 

4,i687E Q1 

1.5200= 00 

2.U562E 00 

1.4150E 01 

2.5699b 01 

3.1934b 01 

2.741/b 00 

8.2646c 01 

3,5950b 01 

1.5235b 00 

3.0371E 00 

2.8813E 01 

2.0494b 01 

2.6728b 05 

2,6333b Q0 

7.0378b 01 

3.1410b 01 

1.5211b 00 

3.0174E 00 

5.3460E- 01 

1.6657b 01 

2.2ny2b 01 

2.5175b 00 

6.085/b 01 

2,7824c 01 

1.5 189b 00 

2.9970E 00 

9.2632E 01 

1.3747b 01 

1,9981b 01 

2.3956b 00 

5.3203c 01 

2,493lfc 01 

1.5169b 00 

2 . 9756E 00 

1.52IOOE 0 2 

1.1496b 01 

1. 7730b 01 

2,2692b UU 

4.6897b 01 

2.2527b 01 

1. 5151b 00 

2.9537E 00 

2 : 3983E C2 

9. 7 0 71b 00 

1. 594lfc 01 

2.1384E 0U 

4.1531b 01 

2,0516b 01 

1 .51 3 6b 00 

2 . y309E 00 

3 . 6 5 1 0 E 02 

8.2774b 00 

1,4512b 01 

2.0053b 00 

3.69lVb 01 

1.8610b 01 

1.5122b 00 

2.VQ74E 00 

5.3926E U 2 

7.1203b 00 

1.3355b Cl 

1,8711b 00 

3.2BVlt 01 

1.7339E 01 

1.5109b 00 

2.8829E 00 

7 . 7 8 iQ 2 E 02 

6,1681b 00 

1.2402b 01 

1,7359b 00 

2.9302b 01 

1.6065b 01 

1.5099c 00 

2.U578E 00 

1.Q975E 03 

5,3821b CO 

1.1616b 01 

l»6011b 00 

2.608/b 01 

1.4952E 01 

1.5(l39b 00 

2.8318E 00 

1 ; 5190E 03 

4,7266b 00 

1,0961b 01 

1,4672b 00 

2. 3171b 01 

1.3972b 01 

1. 5081b 00 

2 . 8 0 5 2 E 00 

2.0671E 03 

4 , 1 759b 00 

l.U410b 01 

1.334/b 00 

2.0^046 01 

1, 3104b 01 

1.50/46 00 

2./779E 00 

2 . 7 7 ID 4 E 03 

3,7105b 00 

9.9448b 00 

1,2040b 00 

1.8046b 01 



TABLE VL RESULTS FOR SYMMETRIC FLYBY MISSIONS - PLUTO 

(Sheet 1 of 2) 




Number of Earth 
Revolutions 

t 

Mission 

Duration 

Heliocentric 
Velocity at 
Perigee 

Hyperbolic 
Excess Velocity 
at Earth 

Impulsive 

AV 

i 

Aerodynamic 
Entry Speed 
at Earth 

Eccentricity 
of Transfer 
Path 

; One-Way 
Transfer 
Angle 

1 

548.0403 

252.3537 

222.5537 

215, U878 

222.8223 

70.8950 

1.3592 

2 

914 .1666 

154.6779 

124.8779 

117,6215 

123.3560 

26.010/ 

1.5829 

3 

1285.1159 

113.6200 

83.8200 

76,7961 

84.3307 

13.3/43 

1.61/3 

4 

1654.1021 

91.8418 

. 62.0416 

55.2641 

62.9987 

e .5227 

1.6599 

5 

2023.4429 

78.5883 

48.7883 

42.2649 

49 . 9994 

3.9726 

1.7091 

6 

2395.6114 

69.8028 

40. 0028 

33.7367 

** .4713 

4.3008 

1.7632 

7 

2/66.0303 

63.7139 

33.9139 

27,8997 

33 . 6343 

3 .3830 

1.8200 

8 

3140.1966 

59.3195 

29.5195 

23,7464 

31.4809 

2.9/26 

1.8781 

9 

3512.2674 

56.0455 

26.2485 

20,7018 

26.4364 

2.3466 

1.9363 

10 

3684.2305 

53.5528 

23.7528 

16.4158 

26,1304 

2.237a 

1.9935 

11 

4254.3356 

51.6171 

21.8171 

16,6710 

24.4036 

2.0079 

2.0488 

12 

4626.6961 

5.0.0 729 

20.2729 

15,3010 

23.0335 

1.8306 

2.1026 

13 

4996,4719 

48.8329 

19.0329 

1* ,2176 

21.9522 

1.6922 

2.1539 

14 

5369.9653 

47.8233 

IS . 0233 

13,3483 

21.0828 

1.3820 

2.2027 

15 

5740.0465 

46.9941 

17.1941 • 

12.6439 

20.3785 

1 .4933 

2.2489 

16 

6109.6188 

46,3039 

16.5039 

12,0651 

19.7996 

1.42\)6 

2.2926 

17 

6478.8708 

45.7248 

15.9248 

11.3850 

19.3196 

1.3604 

2.3338 

18 

« 

6850 .4056 

45.2310 

15.4310 

11.1801 

18.9146 

• 

1.309/ 

i 

2.3729 



to 

^ TABLE VI. RESULTS FOR SYMMETRIC FLYBY MISSIONS - PLUTO 

(Sheet 2 of 2) 


Hyperbolic 
Excess Velocity 
at Target 

Heliocentric 
Approach 
Angle at 
Target 

Planeto centric 
Approach Angle 
at Target 

Peri apsis 
Altitude 
at Target 

AV for 
Capture 
at Target 

AV for 

Circular Cap- 
ture at Target 

Amount of 
Apsidal 
Rotation for 
Flyby 

AV for 

Apsidal Rota- 
tion for 
Flyby 

2,4883b 

02 

1 ,545lb 

00 

3.1483E 

00 j 

1.3585c-04 

2.4452b 

02 

2.4s/9b 

02 j 

3.12fcUc 

00 

4.9765b 

02 

1.4694b 

1)2 

1 . 5 4 4 5 b 

00 

3.136ib 

00 

2:5740b-Q4 

1 . 4 466b 

02 

1.4593b 

02 

3.1298c 

00 

2.9786c 

02 

1 .0573b 

U2 

1 .5436b 

00 

3 .124QE 

00 

~5.2537b~03 

1 . U 14 ob 

02 

1. U2/4b 

0 2 

3.104/b 

uo 

2.1142c 

02 

«.t9»7fc 

01 

1 .5425c 

00 

3 . 112uE 

00 

2 j 4655b- 02 

7./072C 

01 

/ .6946b 

01 

3.0/5/b 

uu 

1.6374c 

02 

6 . 6733b 

01 

1 .5412b 

00 

3 . 1001b 

0 0 

/.3134E-U2 

6.2524b 

01 

6 . 3.7 VHb 

01 

3.0544b 

00 

1.3334c 

02 

S.6l4it 

01 

1 . 5396b 

00 

2 . udBiE 

0U 

1.72l7b-ul 

5.1956b 

01 

5.3233b 

01 

3 . 02ft 6b 

uu 

1 . l2lUt 

02 

4,6378b 

01 

1.53c34b 

00 

3.0/596 

00 

3.4932b-0l 

4.4223b 

01 

4 , >49 / b 

01 

3 . 0u22t 

tiu 

9.6523c 

01 

4.2439E 

01 

1.5369b 

00 

2 . U63oE 

00 

6.4082b-0l 

3.631ub 

01 

3.9565c 

01 

2. 9/5 2b 

DU 

8 . 45o5c 

01 

3,7745b 

01 

1 ,5355c 

00 

3 . 0511E 

00 

1.0927E 00 

3 ,3644b 

01 

3 , 4yl9b 

01 

2,9473c 

UU 

7.5136c 

U1 

3 ,394it 

ni 

1.5341b 

00 

2.0382E 

00 

l;7628E 00 

2 . 9b6bb 

01 

3,1142b 

01 

2 . 9ib6b 

UU 

6.74o3c 

01 

3, oanBfc 

01 

1.5320b 

00 

3.0252E 

00 

2.7l70fc 00 

2 , 6/63b 

01 

2 , nu38b 

01 

2, 8691b 

OU 

6.1129c 

Ul 

2,3156c 

01 

1.5 oi 6b 

00 

2.0113E 

00 

4.0535E 00 

2.4139b 

01 

2.3414b 

01 

2.6583b 

00 

5.5752b 

01 

2,5898b 

01 

1 ,5305b 

0 0 

2.998QE 

00 

5 ; 8699E 00 

2.1910b 

01 

2,3164b 

01 

2 . 6266c 

UU 

5 . 116Ub 

01 

2,3951b 

01 

1.5294b 

00 

2.9839E 

00 

8.2913E 00 

1. 9992b 

01 

2 ,1266c 

01 

2.7938b 

Oo 

4.7185b 

01 

2 , 2260b 

01 

1. 5205c 

00 

2.9695E 

00 

1; 1454b 01 

1 , 833yb 

01 

l.y6U4b 

01 

2.7600b 

00 

4.3719b 

Ul 

2,0773b 

01 

1.5276c 

00 

2.9548E 

00 

1.5533b 01 

1 ,6d/3b 

01 

1,6148b 

01 

2.7251c 

uo 

4.0659c 

01 

1,9459b 

01 

1 . 5?63b 

0 0 

2.939/E 

00 

2.0721b 01 

1.5589b 

01 

1.6863b 

01 

2.66Slfc 

00 

3.7938b 

01 

1.8279E 

01 

1.5261b 

00 

2.9242E 

00 

2. 7302E '01 

1.4439b 

01 

1,5713b 

01 

2,6518b 

uu 

3.5481b 

01 


•TOTAL 3200 CPU TlKfc 0.036 HULHb, TOTAL OPbRATlNG EXPbNbfc i 4.86 «■>* 
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